Background: Childhood cancer survivors (CCS) are more insulin resistant (IR) and have
Large cohort studies in multiple populations have found that cardiovascular-related deaths occur with at least 7 times the expected rate in the general population, and may account for a quarter of all excess deaths by 45 years after diagnosis.CV.(1-3) While congestive heart failure from anthracycline exposure accounts for many of these deaths, equal numbers are related to cardiovascular disease such as myocardial infarction, stoke, and other vascular diseases. (2, 4) Some studies suggest that the etiology of these cardiovascular events is associated with the development of insulin resistance, as is frequently the case with cardiovascular disease in the general population, and that exposure to chemotherapy and/or radiation therapy in CCS is associated with the development of IR and other cardiovascular risk factors such as lipid abnormalities, adiposity, and hypertension.(5-10) We have previously reported that when compared to a sibling control group, CCS who were a minimum of 5 years from diagnosis, but who were still younger than age 18, had greater adiposity (higher waist circumference, percent body fat and lower lean body mass), and higher levels of several cardiovascular risk factors including total cholesterol, low-density lipoprotein cholesterol, and triglycerides. (11) In addition, these survivors were found to be significantly more insulin resistant as measured by euglycemic insulin clamp studies than control subjects even after adjusting for adiposity. However, that analysis did not examine the effect of individual therapeutic exposures on the development of cardiovascular risk factors or insulin resistance. To address that gap in knowledge, we hypothesized that the presence of abnormal cardiovascular risk factors and/or insulin resistance would be more likely to occur as a result of exposure to certain chemotherapy agents and/or radiation therapy whereas others would have little impact on this risk. Identification of treatments associated with cardiovascular risk would be useful for development of long term screening recommendations for patients potentially at risk.
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MATERIALS AND METHODS
Study Population
This study was approved by the Institutional Review Board Human Subjects Committee at the University of Minnesota and Children's Hospitals and Clinics of Minnesota. Consent (and assent as appropriate) was obtained from children and their guardian(s). The participants were CCS, age 9-18 years at examination, in remission at least five years from cancer diagnosis and who had received treatment at one of these institutions. Recipients of hematopoietic cell transplant were excluded. Of 723 eligible CCS, 66 could not be located. The remaining 657 were contacted, and consent for participation was obtained from 322 (49%). Three CCS were determined to be ineligible after consent, leaving the final study population of 319 CCS (see supplementary Figure 1 for consort diagram). There were no significant differences in age, sex, race, diagnosis, age at diagnosis and length of follow-up (time from diagnosis to study evaluation) between the CCS participants and the CCS non-participants.(11) A convenience control group was assembled by asking, each CCS participant to identify any healthy siblings who were 9-18 years old and had never had cancer. The siblings were informed of the study by their parents and if they agreed to participate they were evaluated at the same time as the CCS.
From the 322 families enrolled (including the 3 later determined to be ineligible), 164 had no eligible or consenting siblings , 124 had one sibling that participated, 33 had more than one sibling participate (n=72). Twelve additional siblings from an identical companion study being performed simultaneously in a hematopoietic cell transplant population of survivors who met the same eligibility criteria were also included in the final control group (n=208) for analysis.
Subject and Control Assessments
Participants underwent a two-day examination, the details of which have been published previously (11) , but in brief, dual-energy X-ray absorptiometry (DXA) measurements were obtained for body composition, including percent fat mass (PFM) and total lean body mass (TLM, in kilograms). The average of two blood pressure measurements from the right arm of rested, seated subjects was used. Hyperinsulinemic euglycemic clamps were conducted after a 10-12 hour overnight fast (12) . Insulin sensitivity, adjusted for lean body mass (M-lbm) was determined by the amount of glucose required to maintain euglycemia over the final 40 minutes of the clamp study and expressed as mg/kg/min of glucose. Lower M-lbm values are indicative of lower insulin sensitivity, i.e., greater insulin resistance. Fasting blood samples for glucose, insulin and lipids were obtained, and low-density lipoprotein (LDL) cholesterol was calculated by the Friedewald equation.
Therapeutic Exposures
Therapeutic exposures were abstracted from medical records using a standardized form which captured all chemotherapy exposures in a yes/no format and cumulative dose exposures for selected agents. Radiation therapy exposures were collected (site, total dose administered).
Only drugs to which at least 5 patients were exposed were included in the analysis, and these were then categorized into drug classes based on known mechanisms of action to form the following categories for analysis [cumulative doses available for drugs indicted with an (*)]: alkylating agents (lomustine, procarbazine, thiotepa, ifosfamide*, cyclophosphamide*); anthracyclines (daunorubicin*, doxorubicin*, idarubicin*); intrathecal (IT) or non-IT antimetabolites (cytosine arabinoside, mecaptopurine, methotrexate*, thioguanine); enzymes (erwinia, L-, and PEG-asparaginase); platinum agents (carboplatinum*, cisplatinum*); plant alkyloids (vincristine, vinblastine); steroids (prednisone*, dexamethasone*); and topoisomerase inhibitors (etoposide*). Cumulative doses of anthracyclines were converted to the equivalent doxorubicin doses by the following formulas: daunorubicin*0.83 and idarubicin*5. Total platinum doses are expressed as cisplatinum equivalents using carboplatinum divided by 4. Prednisone equivalent doses utilized the conversion of 1 mg prednisone = 0.15mg dexamethasone. 
Statistical Methods
Linear regression modeling of the effects of individual chemotherapy agents and radiotherapy:
Among CCS subjects, models were used to estimate the independent effects of each chemotherapy agent (both yes/no and by dose categories based on median or tertile value cutoffs) on each outcome. The effect of radiation was evaluated by comparing cranial radiotherapy (CRT; whole brain + partial brain) with no CRT (abdominal radiation, other radiation, no radiation combined). Outcomes of interest in this analysis were M-lbm, insulin*, blood glucose*, systolic and diastolic blood pressure (BP)*, HDL-cholesterol*, LDL-cholesterol, triglycerides*, and the selected body-composition measures (waist circumference*, TLM, PFM and body mass index (BMI). Outcomes with an asterisk were included in the analysis of having multiple adverse metabolic conditions.(13, 14) All models were adjusted by age-at-study, race, sex, and Tanner score. For outcomes aside from body-composition measures, models were further adjusted by PFM and separately by BMI. These models were then further adjusted by CRT to account for possible independent effects of cranial radiation.
Classification and Regression Tree Modeling and Treatment Combinations:
In an alternative approach, we used regression tree modeling to first determine optimal treatment combinations to use as risk factors in subsequent multivariable regression modeling. (15) This approach selects from an initial input list of predictors, selecting a binary categorization that maximizes the difference in outcomes. The data are split according to these two categories and this selection process is repeated for subsequent predictors, called recursive partitioning, until a pre-specified stopping criterion is met. The result is a set of cohort partitions that could be translated into treatment combination variables. M-lbm, adjusted for age-at-study, sex, race, and Tanner Score, was used as the primary outcome for tree modeling given our hypothesis that changes in Table 3 and Supplementary Table S1) specifying both exposure and non-exposure. These mutually exclusive treatment combinations were then used as categorical predictors in new linear regression models to directly estimate their combined effects on various outcomes first between CCS and siblings to illustrate the magnitude of differences between specifically treated subjects and a completely untreated population, and secondly, within CCS to evaluate differences between subsets of cancer survivors, with all analyses adjusted for age-at-study, race, sex, and Tanner Score. Outcomes were selected to proceed to multivariable linear regression modeling with these treatment combinations if there was a statistically significant association between the outcome and at least one of the treatments tested independently.
Selected outcome variables were M-lbm, TLM, PFM, BMI, and LDL-cholesterol. Finally, logistic regression models were fit to evaluate the associations between the same treatment combinations with the binary outcome defined as having 2 or more metabolic syndrome conditions. All analyses involving both CCS and siblings accounted for intra-family correlation using robust variance estimates and generalized estimating equations. Analyses were conducted in SAS 9.3 and Tibco Spotfire S+ 8.2 (regression tree modeling) for Windows. 
RESULTS
Patient Characteristics
Characteristics of the study population at the time of the study are shown in Table 1 . The mean age of survivors was 14.5 yrs, 54% were male, and the majority white/non-Hispanic race.
Survivors were slightly older and more likely to be white/non-Hispanic compared to sibling controls. CCS diagnostic groups included acute leukemias (35%), tumors of the central nervous system (CNS, 36%) and other solid tumors (33%) or non-Hodgkin's lymphoma (6%). Survivors in all diagnostic categories were on average approximately 10 years post-diagnosis.
Linear Regression Results of Individual Exposures
For each therapeutic category (Table 2) we examined the mean values for M-lbm, insulin, blood glucose, systolic and diastolic blood pressure, HDL-cholesterol, LDL-cholesterol, triglycerides, BMI, waist circumference, TLM, and PFM, comparing those exposed to an individual category with all subjects who did not have that specific exposure. Overall this analysis failed to elucidate individual chemotherapy categories that were associated with clinically significant changes in any of our outcomes (data not shown). A similar analysis was then performed examining the effect of different cumulative dose categories (Supplementary Table S2 ), which also failed to produce any informative results. However, when comparing individual therapeutic exposures in survivors to the sibling control group, all chemotherapy agents with the exception of platinum and topoisomerase inhibitors were associated with a statistically significant decrease in TLM, and an increase in PFM and a lower M-lbm indicating greater insulin resistance. Platinum exposure was similarly associated with lower TLM and lower M-lbm, but with this agent PFM was not increased, although, triglyceride levels were higher. The only class of agents which had no significant impact on any of the cardiovascular outcomes in survivors compared to controls was topoisomerase inhibitors (data not shown).
Seventy-seven patients received some form of radiotherapy with the primary site of radiation defined as: whole or partial abdomen (n=19), whole brain without spine (n=12), whole brain with spine (n=14), partial brain (n=17), and other (n=15, including lung, chest wall, abdomen, extremity, mediastinal and other miscellaneous sites). Thirty-eight patients received radiation to more than one site but were categorized as above based on primary site of radiation. In standard linear regression modeling, TLM was reduced among those who received any whole brain radiation either with spine radiation (31.0 kg vs. 40.6 kg, p<0.001), or without (35.7 kg vs.
40.6 kg, p=0.023) or "other" radiation (34.9 vs. 40.6, p=0.003), as compared with none. There was no significant effect on PFM.
Tree Modeling and Treatment Combination Variables: survivors compared to siblings
Using tree-based methodology as described above, a set of optimal rules for defining treatment combinations that could distinguish different levels of M-lbm were derived (Figure 1) . Table 3 provides a breakdown of the frequency of each of these combinations within each underlying diagnosis group. Supplementary Table S1 shows the details of the additional treatment exposures utilized in the tree model within each treatment category besides the ones that were included in the modeling partitions. 
LDL, adjusted for PFM, was 8 mg/dl higher among survivors who were in the group whose treatment exposures did not include platinum, steroids, or alkylating agents compared to siblings (p=0.05). No other survivor group was found to be significantly different from sibling controls. TLM was significantly lower among several treatment groups compared with siblings.
The most significant difference was with survivors treated with both platinum and CRT, who had TLM 8.8 kg lower (p<0.001) than siblings. PFM was 3% higher in survivors who were treated with steroids but no platinum agents (p=0.002) and also those treated with surgery alone (63% CNS tumors; p=0.03) compared to siblings (Figure 3 ). No other groups had statistically significant differences in PFM compared with siblings.
Tree Modeling and Treatment Combination Variables: within survivor comparisons
In contrast to comparison with sibling controls, overall, when compared to survivors treated with surgery alone (63% CNS tumor patients), the risk of being insulin resistant did not differ significantly among the different treatment groups, with the exception of survivors who received alkylating agents plus anthracyclines, but no platinum or steroids (100% solid tumors) being less insulin resistant (M-lbm 2.6mg/kg/min higher, p=0.01; Figure 3 ). No treatment category was found to be associated with a risk of elevated LDL. Several treatment combinations were associated with a significant negative effect on TLM compared to those who treated with surgery alone. Survivors treated with platinum plus CRT were most affected, with an adjusted TLM that was 10.5 kg lower (p<0.01). Regarding PFM, only survivors treated with platinum without CRT or anthracyclines (81% CNS tumors) were significantly different from those treated with surgery alone (6.2% lower, p=0.04). Amongst all survivor groups, the surgery only category had the highest mean BMI, significantly higher than multiple other groups, including survivors treated with platinum and CRT (p=0.02; data not shown). 
Risk for Multiple Conditions
Logistic regression was used to evaluate associations between these treatment categories and the likelihood of having two or more adverse metabolic conditions (blood glucose, systolic and diastolic blood pressure, HDL-cholesterol, triglycerides, waist circumference). Survivors who received platinum but no CRT or anthracyclines (81% CNS tumors) were at greatest risk (OR 4.3, 95% CI 1.4-13) compared with siblings. Other survivor groups at increased risk compared to siblings included those treated with steroid but no platinum agents (78% leukemia; OR 1.8, 95% CI 1.1-3.1) and those treated with surgery alone (60% CNS tumors; OR 2.1, 95% CI 1.0-4.3). While the platinum plus CRT group was associated with increased insulin resistance, this group was not found to be more likely to have two or more of the other specific metabolic conditions.
DISCUSSION
Advances made in treatment of childhood cancers have been attributed to the utilization of multi-agent/multimodal therapy incorporating treatment protocols that consist of several agents given sequentially or in alternating cycles, with or without radiation therapy. Although some aspects of therapy have changed over the past 30 years, particularly decreased use of radiotherapy for select diagnoses, many agents and treatment combinations used historically, including those featured in our study, remain integral parts of contemporary pediatric therapy. (16, 17) The acute toxicities of most of these therapies are well described. However, the majority of these drugs are not utilized as single agents and thus when examining the impact of specific chemotherapy drugs or radiation on long term toxicities, it is difficult to separate out the effect of individual therapeutic exposures regardless of the particular late effect that is being examined. This remains an issue even in studies such as ours in which the overall sample size was relatively large, but various disease based subgroups were smaller and the treatments utilized heterogeneous. Despite this challenge, the primary aim of this study was to Among survivors we were not able to detect an exposure to an individual chemotherapeutic agent that was clearly associated with a higher risk of insulin resistance, even after examining dose categories. However, compared to siblings, nearly all chemotherapeutic agents when examined individually, appeared to be associated with lower TLM, greater PFM and insulin resistance. Thus, treatment does appear to contribute to long-term physiologic changes which may predispose to cardiovascular disease in survivors of childhood cancer.
Given that in the current therapeutic era, no patient receives a single agent in isolation we, have attempted in this analysis to examine the impact of different treatment combinations on insulin resistance and cardiovascular risk factors. Based on the fact that we intended this analysis to be driven by treatment exposures rather than cancer diagnosis, we utilized regression tree modeling methodology to form exposure groups that were determined by the strength of the association between the agents in a model with insulin resistance as the primary outcome of interest. Although some combinations did appear to consist primarily of one diagnostic group versus others, other combinations identified by the tree classification approach featured a mixture of diagnoses.
Examining the categories of treatments included in the tree model (CRT, alkylating agents, anthracycline exposure, plant alkyloids, platinum agents, and steroids), it can be seen anthracyclines, platinum, CRT and steroids were the exposures most strongly associated with insulin resistance and the ones that primarily drove the segregation of treatment combinations. In comparisons within survivors, no group stands out as having a higher risk of insulin resistance than others, although those that received alkylating agents plus anthracyclines but no platinum or steroids (mostly solid tumors) were less insulin resistant than other treatment groups. In comparison to siblings however, exposure to platinum + CRT was associated with the most significant risk of being more insulin resistant, as was therapy that included steroids. Whole brain radiation has previously been reported to be associated with the development of cardiovascular risk factors (18) and cisplatinum exposure in testicular cancer survivors has been found to be associated with an increased incidence of cardiovascular risk factors and coronary artery disease. (19) (20) (21) (22) Presumably, in survivors exposed to both CRT and platinum, the risk of adverse cardiovascular outcomes may be even greater. Due to relatively small numbers of subjects who received cranial radiation and the heterogeneity of fields and doses we were not able to examine the potential differential impact radiation dose may have on the development of insulin resistance or cardiovascular risk factors.
One of the most striking findings that likely contributes to insulin resistance, is the effect that treatment exposures had on reducing TLM. In comparisons with individual agents, and in the tree-derived combinations, a pattern of reduced TLM was found. This was most pronounced in the group receiving platinum plus CRT compared to all other treatment combinations and when compared to siblings. This pattern of decreased TLM, and increased PFM and insulin resistance, is most strongly associated with treatment combinations that included platinum, CRT and/or steroids; and correspondingly is linked to patients treated for brain tumors and leukemia.
The mechanisms for these changes in body composition cannot be directly determined from this study. It is possible that some treatment exposures directly lead to decreased muscle mass, but it is also plausible that this may be secondary to reduced levels of physical activity. It has previously been shown that long term restrictions in physical activity and performance limitations are evident in adult survivors of childhood cancer overall (23, 24) (25, 26) or CNS tumors. (27) However, given the cross-sectional nature of this study, we are unable to determine the onset of these adverse sequelae, including whether changes in insulin resistance and body composition precede changes in physical performance or vice versa.
This study has several other limitations that impact our ability to draw more definitive conclusions about the impact of specific therapeutic agents or their doses. While the overall sample size was large, the diagnoses and treatments were heterogeneous and could have benefited from larger numbers in each subgroup. It is also very difficult to separate out disease type from treatment, although our data would suggest that the effect on insulin resistance and cardiovascular risk factors was more likely to be the result of the total impact of cancer therapy rather than risks imparted by any single agent. Contemporary cancer therapy is multimodal and involves multiple agents. Thus opportunities will need to be identified in future randomized therapeutic trials that compare treatment arms that differ by the presence of absence of certain agents while incorporating longitudinal follow-up of subsequent changes in cardiovascular risk factors. While there are some potential limitations to the use of siblings as a control group, it could also be suggested that any reported differences in CV risk factors in a situation featuring similar genetic and environmental backgrounds underscore the fact that the divergence in risk profile between CCS and controls is more likely related to cancer or its therapy. Finally, our participation rate (49% of those contacted) was lower than ideal, however considered in the context of a non-therapeutic protocol that required a significant 2 day commitment with a multitude of lengthy test procedures this was felt to be acceptable. Although we did not find any systematic differences between participants and non-participants this does not entirely preclude the possibility of selection biases. 
The implications and clinical significance of these findings are that nearly all survivors of childhood cancer are potentially at risk for the development of insulin resistance, lipid abnormalities, and unfavorable changes in body composition. Prior studies in children have shown that low insulin sensitivity is a significant predictor of future increased CV risk.(28) This suggests that the difference in risk factor levels between CCS and the control group will become more apparent with ongoing maturity and aging, and that particular CCS subsets (due to specific treatment combinations) are at particularly great risk. This may help to identify at an earlier time point, CCS who may benefit from more targeted prevention efforts to reduce future cardiovascular disease risk. The treatment combinations typically utilized in survivors treated for leukemia and any patient who has received CNS directed radiation therapy, particularly in combination with platinum agents, have the highest risk of these abnormalities and justify periodic screening of fasting blood sugar and lipid levels. Standard anthropometrics or BMI are not adequate screening to detect loss of muscle mass (sarcopenia) as this would require either whole body DXA or computed tomography (CT) scans. At this point we lack sufficient knowledge regarding the specific role that changes in body composition play in determining cardiovascular risk, and there have not been studies in CCS that have attempted to alter body composition such that any interventions with proven efficacy could be recommended at this time. Nevertheless, recommendations for a prudent diet and exercise such as those from the American Cancer Society(29) or the Centers for Disease Control(30) should be part of our routine recommendations to all survivors. Additionally, management of other risk factors such as hypertension and hyperlipidemia should be aggressively undertaken. Longer term follow-up of survivor cohorts such as those in this study will be necessary in order to determine the trajectory of the abnormalities detected in these young survivors, and the degree to which they contribute to actual cardiovascular morbidity and mortality. * whole brain without spine (n=12), whole brain + spine (n=14), partial brain (n=17, including any CNS directed radiation that was not whole brain) 
